The binding of a hadron and a nucleus is a topic of great interest for investigating the hadron properties. In the heavy-flavor region, attraction between a P (=D, B) meson and a nucleon N can appear, where P N − P * N mixing plays an important role in relation to the heavy-quark spin symmetry. The attraction can produce exotic heavy mesic nuclei that are stable against strong decay. We study an exotic system where theD (B) meson and nucleus are bound. The meson-nucleus interaction is given by a folding potential with single-channel P N interaction and the nucleon number distribution function. By solving the Schrödinger equations of the heavy meson and the nucleus, we obtain several bound and resonant states for nucleon number A = 16, . . . , 208. The results indicate the possible existence of exotic mesic nuclei with a heavy antiquark.
Introduction
Multiflavor nuclei are interesting objects for studying unconventional states of matter in the hadron and nuclear physics. As a first step towards extending the quark flavor, strangeness nuclei have been extensively studied both in experiments and in theories. As a new direction, charm and bottom are new flavors whose properties in nuclei should be different from those of strangeness nuclei [1] . Charm/bottom nuclei, as well as strangeness nuclei, are important for studying (i) the heavy hadron and nucleon interaction, (ii) the properties of heavy hadrons in a nuclear medium, and (iii) the impurity effect for nuclear properties. These are related to the flavor symmetry of the interhadron interaction, the partial restoration of the broken chiral symmetry, and so on, as fundamental problems in quantum chromodynamics (QCD). In theoretical studies, there has been a lot of research into heavy baryons, heavy mesons and quarkonia in nuclear systems (see Ref. [1] and references therein). Recently, few-body calculations have also been performed [2] [3] [4] [5] . In the present study, we focus on the properties of theD (B) mesons with a quark contentQq with a heavy antiquarkQ and a light quark q, which can be bound in finite-size atomic nuclei.
TheD (B) meson in nuclear systems is a simple system, because there is no annihilation channel byqq, in contrast to the case of its antiparticle D (B) in nuclear medium. They have both been studied in many theoretical works: the quark-meson coupling model [6, 7] , the mean-field approach [8] [9] [10] [11] , the flavor SU(4) symmetry [12] [13] [14] [15] , the flavor-spin SU (8) symmetry [16] , the pion-exchange interaction [17, 18] , the QCD sum rules [19] [20] [21] [22] [23] [24] , and the Nambu-Jona-Lasinio model [25] . As advanced topics, there are studies on chiral symmetry breaking [26] [27] [28] [29] , the Kondo effect [30] [31] [32] 1 , and the spin-isospin correlated nuclear matter [38] . Few-body calculations ofDNN −D * NN (BNN − B * NN) have also been performed [4] . The interaction between aD (B) meson and a nucleon can be provided by the meson exchange interaction. At short distances, it is supplied by the exchange of heavy mesons (e.g., scalar mesons and vector mesons) and by the direct exchange of quarks [39] [40] [41] [42] [43] . At long distances, pion exchange can occur, because the pion is the lightest meson as the Nambu-Goldstone bosons generated by the dynamical breaking of chiral symmetry in vacuum [41] [42] [43] [44] [45] [46] [47] .
The symmetry that governs theD (B) meson dynamics is given by the heavy-quark (spin) symmetry (HQS) for the heavy-antiquark component and chiral symmetry for the light-quark component [48] [49] [50] . One of the most important properties of the HQS is that the spin degree of freedom of a heavy (anti)quark is decoupled from the spatial rotation. Then, the heavy-quark spin is independent of the light spin j, which is carried by light quarks and gluons, as a sum of angular momenta and intrinsic spins. As a consequence, there exist two different types of heavy hadron states: the HQS singlet (j = 0) and the HQS doublet (j ≥ 1/2) [48] [49] [50] [51] [52] . AD (B) meson is regarded approximately as an HQS doublet whose pairs are given by aD * (B * ) meson, because the mass difference is of the order of 1/m c (1/m b ) with m c (m b ) being the charm (bottom) quark mass. This is a good approximation because the charm (bottom) quark mass is larger than the typical low-energy scale of the hadron dynamics, say a few hundred MeV, and they can be regarded as being sufficiently heavy.
One of the interesting results of the HQS is that the mixing of aD (B) meson and aD * (B * ) meson is realized in nuclear medium via the interaction processDN ↔D * N (BN ↔ B * N).
This mixing leads to an attraction of the heavy-light hadrons in nuclear matter 2 .
The current status of theoretical studies, however, is that there are many open problems about the properties of theD (B) meson and theD * (B * ) meson in nuclear systems. For example, the value of the binding energy of theD (B) meson and/or theD * (B * ) meson in nuclear matter with infinite volume is not yet convergent. The values are highly scattered from a few MeV to a hundred MeV depending on the model used in the analysis. Hence more theoretical effort is needed to understand heavy hadrons in nuclear medium.
The purpose of the present study is to investigate the bound and/or resonant states of theD (B) meson in atomic nuclei with finite nucleon numbers. As an interaction between aD (B) meson and a nucleon, we adopt the pion exchange potential at long distances and the vector-meson exchange potential at short distances. The existence of the pion exchange interaction is an important result of the HQS, because the mixing processDN ↔D * N (BN ↔ B * N) plays an important role [45] [46] [47] . At first sight, there seems to be noDDπ (BBπ) vertex by parity conservation, and hence there should be no pion exchange interaction forDN (BN). The pion exchange interaction forDN (BN) is indeed induced by the twostep processDN →D * N →DN (BN → B * N → BN). This mixing is available when the mass of aD * (B * ) meson is sufficiently close to the mass of aD (B) meson, as expected from the (approximate) mass degeneracy in the heavy-quark limit. In this framework, we eliminate the dynamical degrees of freedom by aD * (B * ) meson in a systematic way, and obtain the effective interaction between aD (B) meson and a nucleon. We then apply the obtainedDN (BN) potential to the calculation of the energy levels of aD (B) meson in finite-size atomic nuclei. This paper is organized as follows. In Sect. 2, we formulate the meson exchange potential between a heavy meson and a nucleon, perform the projection of the meson exchange potential, and give the meson-nucleus folding potential. In Sect. 3, we show the numerical results of the bound and resonant states. The last section is devoted to a summary.
Interactions between the heavy meson and the nucleus
The heavy meson in a nucleus is regarded as a two-body system of the meson and the nucleus. The meson-nucleus interaction is described as the folding potential, which can be obtained by the P meson-nucleon (P N) interaction and the nucleon number distribution function in the nucleus. Hereafter, we will use the notation P to stand for aD meson or a B meson. We will also use the notation P * for aD * meson or a B * meson. As for the P N potential, we employ the meson exchange potential of the coupled-channel P N − P * N, as discussed in Refs. [45] [46] [47] . The most simple P ( * ) N system is the S-wave state with the total spin J = 1/2. In Refs. [45] [46] [47] , we found one bound state for I = 0, and no bound state for I = 1. Therefore, the I(J P ) = 0(1/2 − ) state is the most important one in the mesic nuclear system.
The I(J P ) = 0(1/2 − ) state has three channels, namely P N( 2 S 1/2 ), P * N( 2 S 1/2 ) and P * N( 4 D 1/2 ), where the notation 2S+1 L J is used to stand for the intrinsic total spin S, the angular momentum L and the total spin J. This potential is given by the 3 × 3 matrix form. We will project this potential onto the P N( 2 S 1/2 ) channel, and use the single-channel P N potential to construct the folding potential.
Meson exchange potentials of P ( * ) meson and nucleon N
First of all, we introduce the meson exchange potential between a P ( * ) meson and a nucleon N. This potential is obtained by the effective Lagrangians of heavy mesons, light mesons, and nucleons, as discussed in Refs. [45] [46] [47] .
The Lagrangians of heavy mesons and light mesons (pion and vector mesons), satisfying the heavy quark and chiral symmetries [53] [54] [55] (see also Refs. [48] [49] [50] ), are employed in this study. Their interaction forms are given by
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The subscripts π and v stand for the pion and vector mesons (ρ and ω), respectively. v µ is the four-velocity of a heavy quark (v µ v µ = 1 and v 0 > 0). The subscripts a, b are for light flavor (u, d). The heavy-meson fields H a are given by
where P * aµ and P a are the fields of P * and P mesons, respectively, with light flavor a. A µ is the axial current of a pion, expressed as
with ξ = exp(iπ/f π ), the pion decay constant f π = 132 MeV, and the pion field
The vector-meson field ρ µ (for ρ and ω mesons) and the field tensor F µν (ρ) are given by
where g V = m V /f π is the gauge-coupling constant of the hidden local symmetry [56] .
The coupling constant g π in Eq. (1) is determined by the D * → Dπ decay [49, 50, 57] . For the vector mesons in Eq. (2), β and λ are fixed by radial decays of D * and semileptonic decays of B with vector-meson dominance [58] . The values of the coupling constants are summarized in Table 1 .
The effective Lagrangians for the interaction vertices of nucleons and light mesons are given by
as shown in Refs. [59, 60] . The nucleon field is expressed by N = (p, n) t . The coupling constants, g πN N , g vN N and κ, are summarized in Table 1 . Table 1 Masses of light mesons α(= π, ρ, ω), m α , and coupling constants of the Lagrangians. m α and λ are given in units of MeV and GeV −1 , respectively. The other parameters are dimensionless constants. In order to parameterize the internal structure of hadrons, the dipole form factor is introduced at each vertex:
with the mass m α and the three-momentum q of incoming light mesons α = π, ρ, ω. As discussed in Refs. [45] [46] [47] , the cutoff parameter Λ = Λ N for the nucleon vertex is determined to reproduce the binding energy of a deuteron. Λ = Λ P for the heavy-meson vertex is fixed by the ratio of the sizes of the pseudoscalar (vector) meson P ( * ) and the nucleon. We use 
with r being the distance between P ( * ) and N. m N = 940 MeV is the mass of a nucleon.
ε ( ε † ) is the polarization vector of the incoming (outgoing) heavy vector meson P * . S is the spin-one operator given by S = i ε † × ε. σ ( τ ) are the Pauli matrices for the (iso)spin.
S O (r) is the tensor operator expressed by S O (r) = 3( O ·r)( σ ·r) − O · σ for O = ε, S. The functions C(r; m α ) and T (r; m α ) are given by
Similarly, the vector-meson exchange potentials are given by
The P ( * ) N potential in the I(J P ) = 0(1/2 − ) state is presented by the 3 × 3 matrix form.
The Schrödinger equation is given by
with the kinetic term K ℓ with angular momentum ℓ. The channels i = 1, 2, 3 correspond to P N( 2 S 1/2 ), P * N( 2 S 1/2 ) and P * N( 4 D 1/2 ), respectively. The potential V ij (r) is the sum of the π, ρ, ω potentials. The explicit forms of the matrix elements as well as the kinetic terms are given in the appendix in Ref. [46] . As shown in Ref. [46] , from Eq. (19), we obtain the eigenvalues E = 2.14 MeV for theDN bound state and 23.04 MeV for the BN bound state. Let us comment on the interaction employed in this study. We obtain cutoff parameters that are close to the vector-meson masses, and hence the form factor (11) would suppress the contribution from the short-range interaction as the vector-meson exchanges. However, we consider that this short-range interaction includes not only the vector-meson exchange contribution, but also others: the scalar-meson exchange, the η exchange, the ππ exchange, etc. In Refs. [45, 46] , we employ the πρω potentials as the nucleon-nucleon interaction, while various short-range interactions can work, as shown in Refs. [59, 60] . Then, the cutoffs of the πρω potentials can be determined as Λ N = 846 MeV to reproduce the deuteron properties. In this parameter fitting, the small contribution from the vector-meson exchanges is interpreted as the cancellation of the various short-range interactions with each other. In particular, the scalar-meson exchange provides a strong attraction, and it can suppress the repulsion of the vector-meson exchange potential, as seen in the Bonn potential [59, 60] . The potential employed in this study is also considered to include various meson exchanges, because the cutoffs fixed in the deuteron are used to determine the cutoffs at vertices of the heavy meson and nucleon. Therefore, our vector-meson exchange potential is not pure, but we regard it as a potential including various short-range contributions. Fig. 1 The single-channelDN and BN potentials. TheDN (BN) potential is plotted by the solid (dashed) line.
Folding potential
We focus on the I(J P ) = 0(1/2 − ) state as the most attractive one, with three channels P N( 2 S 1/2 ), P * N( 2 S 1/2 ), and P * N( 4 D 1/2 ). To construct the folding potential between the P meson and the nucleus, we project the P N − P * N coupled-channel potential onto the P N single-channel potential.
The projection onto the P N( 2 S 1/2 ) channel is performed by
with ψ E i (i = 1, 2, 3) in the coupled-channel Schrödinger equation of the P ( * ) N two-body system (19) . Here E is the binding energy for P N. Then, the single-channel P N potential is obtained as shown in Fig. 1 . We notice that V pro (r) is the energy-dependent potential by its definition. However, in what follows, we assume that V pro (r) does not qualitatively change so much for different E at normal nuclear matter density, and try to investigate the energy levels of aD (B) meson in atomic nuclei.
For the atomic nuclei with A 16 (A is the nucleon number), the nucleon number distribution function is approximately expressed by the Woods-Saxon function as
Fig. 2 Nucleon number (A) dependence of R determined by Eq. (22).
where ρ 0 = 0.17 fm −3 and a = 0.54 fm [61] 3 . r is the distance from the center of the nucleus, and R is determined to satisfy
R as a function of A = 20, . . . , 208 is shown in Fig. 2 . The nucleon number distribution functions for several A are displayed in Fig. 3 .
From the single-channel potential in Eq. (20) and the nucleon number distribution function in Eq. (21), the folding potential between the P meson and the nucleus is obtained by
The obtained folding potentials of theD (B) meson are shown in Fig. 4 .
In this study, we employ the folding potential, which is interpreted as the Hartree potential with the local density approximation. In Eq. (23), V pro corresponds to the Born term of the full t-matrix of theDN scattering. In the literature, as the standard approach to obtain the optical potential, the tρ approximation has been used [62, 63] . If the t-matrix has any pole, however, the breaking down of the tρ approximation can occur, as was presented in detail in Ref. [16] . Let us make a comment on the I(J P ) = 1(1/2 − ) channel. The interaction of this channel is repulsive as we obtained a repulsive scattering length, a I=1 = −0.07 fm, in Ref. [1] . Based on this value, applying the tρ approximation in Eq. (4.1.24) in Ref. [1] , we estimate the mass shift (attraction or repulsion) at normal nuclear matter density, and obtain a positive mass shift by 4 MeV. However, this mass shift is smaller than the potential depth of about 100 MeV (potential value at r = 0) forDN in I = 0 in Fig. 4 . Therefore, we may approximately neglect the contribution from I = 1 in the present research.
Numerical results
From the folding potential in Eq. (23), the binding energies of the P -nucleus systems are obtained by solving the Schrödinger equation for the P meson and the nucleus,
where the reduced mass µ is given by
with the P meson (nucleon) mass m P (m N ) and the nucleon number A = 16, . . . , 208. ℓ is the relative orbital angular momentum between the P meson and the nucleus. The Schrödinger equation (24) is solved numerically by using the renormalized Numerov method, which was developed in Refs. [64, 65] . We investigate not only a bound state but also a resonance state from a phase shift δ. The resonance energy E re is determined by an inflection point of δ [47, 66] , and the decay width is given by Γ = 2/(dδ/dE) E=Ere .
The energies are computed for ℓ = 0, 1, 2, 3, namely S, P , D, and F -waves. For the charm sector, the energies obtained are shown in Fig. 5 for A = 16 which is the minimal A to apply Eq. (21) For the charm sector, we find bound states for the S, P , D, and F -wave states, as shown in Figs. 5 and 6. We emphasize that these bound states are stable against the strong decay. For the S-wave state, three bound states (ground and the first and second excited states) are obtained in A = 16. As seen in Fig. 6 , the number of bound states increases when the nucleon number increases. Finally, seven bound states are obtained in A = 208. The binding energy also increases as A increases. However, the binding energies with respect to A become saturated in the large-A region, because the nucleon number distribution also becomes saturated and the A dependence of the reduced mass (25) becomes smaller. Therefore, the A dependence on the binding energies is flat in the large-A region.
For the states with ℓ = 0, the number of bound states and the values of the binding energy are reduced in comparison with those of ℓ = 0. As a new phenomenon, resonant states appear slightly above the thresholds. The properties of the resonances are summarized in Table 2 . Table 2 Resonance energy E re and half-decay width Γ/2 for theD-nucleus systems with P , D, and F -waves. E re and Γ/2 are given in units of MeV. Interestingly, sharp resonances with small widths less than 1 MeV are found. In particular, the F -wave states have many resonances.
For the bottom sector, the attraction of the B-nucleus potential is stronger than thē D-nucleus one. This is because the mass difference between B and B * is smaller in the original potential and the strong mixing between BN and B * N channels induces the stronger (i) S-wave attraction [45] [46] [47] . Therefore, more bound states are found. For the S-wave state, the number of bound states is six in A = 16 in Fig. 7 . In A = 208, sixteen states appear as shown in number increases, the radii of the nuclei become larger, and accordingly the wave functions of theD, B mesons become extended.
For discussion, we compare our results with those in Ref. [16] . First of all, we notice that the interaction between aD-meson and a nucleon in Ref. [16] was obtained with a vectormeson exchange model with flavor-spin SU(8) symmetry. The exchanged mesons as well as the method for including the finite-size effect are different from ours. Nevertheless, both results show some similarities. In both cases, there are several excited states from the ground state, and higher angular momentum states are able to exist. As a slight difference, theD 0 meson energies in nuclei are saturated at nucleon number A = 40 in Ref. [16] , while they become saturated for A 100 in our analysis. We emphasize that, as a new phenomenon in the present analysis, there exist several resonant states generated by the centrifugal barrier potential near thresholds. We also comment that the wave function of theD meson in 208 Pb was obtained in Ref. [6] . Though the interaction used is different from ours, the wave functions obtained are comparable with ours.
Summary
We have studied the bound and resonant systems of the heavy meson (P =D or B) and the nucleus with nucleon number A = 16, · · · , 208. The attraction between the P (=D, B) meson and nucleon N, which is enhanced by the P N − P * N mixing, inspires us to investigate the stability of exotic heavy mesic nuclei against the strong decay. The mesic nuclei are analyzed as two-body systems of the P meson and the nucleus, where the interaction is described by the folding potential. By using the single-channel P N potential and the nucleon number distribution function, the folding potential is obtained. We solve the Schrödinger equations of the two-body P -nucleus system with the nucleon number A = 16, . . . , 208. Many bound and resonant states are obtained as a result. We find that the binding energy increases as the nucleon number A increases. The A dependence on the binding energy becomes flat in the large-A region.
In the present research, we do not include the possible short-range core in the interaction between aD (B) meson and a nucleon. We do not consider the Coulomb potential, which can be important for D − (B + ) mesons in large nuclei, as discussed in Refs. [6, 16] . It would also be interesting to investigate the D − s (B 0 s ) mesons in atomic nuclei. Further theoretical discussions are left for future work. The information on the energy spectra of open-heavy mesic nuclear systems will be useful for future experimental research at the Facility for 
